Introduction
============

Cervical cancer is the second most common malignancy among women worldwide.[@b1-dddt-13-119] Every year, more than 500,000 new cases of cervical cancer are diagnosed.[@b2-dddt-13-119] Human papillomavirus (HPVs) is considered to be a primary pathogenic factor for cervical cancer.[@b3-dddt-13-119] More than 100 HPV types have been identified, including high-risk HPV and low-risk HPV based on oncogenic potential.[@b4-dddt-13-119] The current therapeutic treatments for cervical cancer mainly consist of surgery, radiation, and chemotherapy.[@b5-dddt-13-119] Although radiotherapy has high definitive cure rates in patients with early stage disease, the cure rates in patients with advanced cervical cancer remain poor.[@b6-dddt-13-119] The 5-year overall survival rate is only 66% in patients with cervical cancer.[@b6-dddt-13-119] Therefore, more effective therapeutic strategies for treating cervical cancer are to be discovered.

Tetrandrine (TET), a bisbenzylisoquinoline alkaloid, is isolated from the root tuber of Radix *Stephania tetrandrae* S.[@b7-dddt-13-119] TET has been used as an effective monomeric compound to remedy patients with inflammation, hypertension, arrhythmia, and arthritis.[@b8-dddt-13-119] In addition, TET has been demonstrated to mediate neuroinflammation in Alzheimer's disease by decreasing the expression of pro-inflammatory mediators by inhibition of NF-κB activation.[@b9-dddt-13-119] TET also significantly reduced the intraocular pressure levels in the hypertensive eyes in animal model with ocular hypertension.[@b10-dddt-13-119]

Several studies have shown that TET exhibited strong antitumor actions on gastric cancer, hepatocellular carcinoma, lung cancer, gliomas, and colon cancer in vitro and in vivo.[@b11-dddt-13-119]--[@b15-dddt-13-119] Li et al reported that TET exerted antitumor activity on gastric cancer via activation of the apoptosis mediator caspase 3.[@b11-dddt-13-119] In spite of many reports about the anticancer activities of TET, little is known about the effect of TET on human cervical cancer. And the mechanisms underlying the antitumor effect of TET on cervical cancer have not yet been illuminated. Hence, this study aimed to investigate the effects and mechanisms of TET on the cervical cancer in vitro and in vivo.

Materials and methods
=====================

Cell line and cell culture
--------------------------

The human cervical cancer cell line SiHa was purchased from American Type Culture Collection (ATCC, Rockville, MD, USA). The cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA) and 1% penicillin and streptomycin (100 units/mL). The cells were incubated at 37°C in a humidified atmosphere of 5% CO~2~ in air.

Cell Counting Kit-8 (CCK-8) assay was used to determine cell viability
----------------------------------------------------------------------

TET was dissolved in dimethyl sulfoxide (DMSO) and diluted in culture medium immediately before use. Cell viability was determined using CCK-8 assay (Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's protocols. SiHa cells were seeded into a 96-well plate at a density of 5×10^3^ cells/well and then treated with different concentration of TET (0, 1, 3, 10, or 30 µM) for 24, 48, and 72 hours. After incubation, 10 µL CCK-8 reagent was added to each well and then incubated for 2 hours. The absorbance values were measured at 450 nm wavelength (Bio-Rad Laboratories, Benicia, CA, USA). TET (purity \>95%) standard product was purchased from Sigma (Sigma-Aldrich, St Louis, MO, USA).

Flow cytometric analysis of cell apoptosis
------------------------------------------

SiHa cells were incubated in six-well plates at a density of 4×10^5^ cells/well overnight, and then treated with 3 or 10 µM TET for another 48 hours. The cells were treated with 0.2% DMSO (Sigma-Aldrich) as control. Afterward, the cell suspension was mixed with 10 µL Annexin V and 5 µL propidium iodide (PI) for 10 minutes at room temperature in the dark according to the manufacturer's protocols (Thermo Fisher Scientific, Waltham, MA, USA). Cell apoptosis was analyzed using a fluorescence activated cell sorting (FACS) flow cytometer (BD Bioscience, San Jose, CA, USA).

Immunofluorescence
------------------

SiHa cells were exposed to DMSO, 3 or 10 µM TET at 37°C for 48 hours. Then, the incubated cells were washed three times with PBS, prefixed in 4% paraformaldehyde for 10 minutes at room temperature, and then fixed in pre-cold methanol for 10 minutes at −20°C. Later on, cells were incubated with primary antibodies for anti-Ki67 (Abcam, Cambridge, UK) (1:1,000), DAPI (1:1,000) at 4°C overnight. Subsequently, cells were incubated with secondary antibodies (Abcam) (1:2,000) at 37°C for 1 hour. The samples were observed by fluorescence microscope at once (Olympus, Tokyo, Japan).

Western blot analysis
---------------------

SiHa cells were incubated in six-well plates at a density of 4×10^5^ cells/well overnight and then treated with different concentration of TET (0, 3, or 10 µM) for 48 hours at 37°C in CO~2~ incubator. Later on, cultured cells were lysed using RIPA lysis buffer and Bradford Protein Assay Kit (Beyotime Institute of Biotechnology) was used to quantify the protein concentration. Equal amounts of proteins (50 µg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 10% SDS polyacrylamide gel, and the proteins were then transported to polyvinylidene fluoride membranes (PVDF; Thermo Fisher Scientific) in 2 hours. The membranes were blocked with 5% skimmed milk in Tris-Buffered Saline with Tween 20 (TBST) for 1 hour at room temperature. Then, the membranes were washed three times in TBST and incubated with primary antibodies: anti-active caspase 3 (Abcam), anti-matrix metalloproteinase (MMP)2 (Abcam), anti-MMP2 (Abcam), and anti-β-actin (Abcam). After that, the PVDF membrane was incubated with anti-rabbit (Abcam) (1:2,000) secondary antibody at room temperature for 1 hour before being determined by chemiluminescence. Finally, the PVDF membranes were incubated with ECL reagent (Santa Cruz Biotechnology) to detect the blots. The densitometric values of the bands were measured using Image Quant TL software (v 8.1; GE Life Sciences, Chicago, IL, USA). The density of blots for targets was normalized to β-actin.

Matrigel invasion assay
-----------------------

The cell invasiveness assay was performed using a 24-well matrigel chambers according to manufacturer's protocol (BD, Franklin Lake, NJ, USA). Transwell membranes (polycarbonic membrane, diameter 6.5 mm, pore size 8 µm) were coated with matrigel in a total of 50 µL of each transwell (matrigel/serum free medium: 1/5). Briefly, SiHa cells (4×10^5^ cells/well) with TET (0, 3, or 10 µM) were seeded onto the upper chamber in serum-free medium, and the bottom wells in the system were added with DMEM medium containing 10% FBS. After incubation for 72 hours at 37°C, cells on the upper surface were scraped and washed away by a cotton swab, whereas the invaded cells on the underside were fixed with 4% formaldehyde and stained with 0.05% crystal violet for 2 hours. Finally, invaded cells were pictured and counted under a microscope.

Wound healing assay
-------------------

SiHa cells were seeded into six-well plate at a density of 4×10^5^ cells/well. After 24 hours of incubation, a "scratch" was made in the cell monolayer to create a wound, and the cells were treated with different concentration of TET (0, 10 µM) for 48 hours at 37°C in CO~2~ incubator. Wound healing was observed and pictured at 0 and 48 hours under inverted microscope at100× magnification (Leica, Buffalo Grove, IL, USA). Wound healing was analyzed using ImageJ software (National Institutes of Health).

Animal study
------------

To investigate the effects of TET on the cervical tumor-burdened animals, 12 female BALB/nude mice (aged 4--6 weeks) were purchased from Shanghai Slac Animal Center (Shanghai, China) and housed within a dedicated SPF facility with alternating 12 hours periods of light and darkness, a constant temperature of 18°C--23°C, and 55%--65% humidity. Aliquots of SiHa cells (5×10^6^ cells in 100 µL of PBS) were injected subcutaneously into the right inguinal area of the mice. The tumor growth and body weight of the mice were monitored weekly. When the volume of the tumor reached 180 mm^3^, tumor-bearing mice were randomly divided into treatment and vehicle groups (n=4). TET was administered via oral gavage at doses of 20 or 50 mg/kg/day. The vehicle group received normal saline only. Tumor volume was measured by calipers weekly until mice were sacrificed under anesthesia. Each tumor was excised and weighed when nude mice were sacrificed on day 29. Parts of each tumor tissue were wax embedded for immunohistochemical staining in vivo. All animal experiments were performed in accordance with the National Institutes of Health guide for the care and use of laboratory animals, following a protocol approved by the Ethics Committees of Affiliated Qilu Hospital of Shandong University.

Immunohistochemical analyses
----------------------------

Ki67-positive cells were determined by immunohistochemical staining. Tumor sample preparation and immunohistochemical staining were performed according to a previous study.[@b16-dddt-13-119] Briefly, the tissue sections were pretreated with Tris--EDTA buffer solution (pH 9.0) at 95°C. After incubation with the primary antibody for 60 minutes, a biotinylated immunoglobulin cocktail of goat anti-rabbit IgG was applied for 30 minutes at room temperature. Visualization was performed using a polymer immunohistochemical detection system (EnVision kit; Dako Japan). The rate of Ki67-positive cell was determined by counting in each sample.

TUNEL staining
--------------

Deparaffinized tissue sections were stained using an APO-BrdU™ TUNEL Assay Kit (Thermo Fisher Scientific) according to the manufacturer's instructions.

Statistical analysis
--------------------

Data are means ± SD and were obtained from at least three independent experiments. The comparison between two groups was analyzed by Student's *t*-test. The comparisons among multiple groups were made with one-way ANOVA followed by Dunnett's test. *P*\<0.05 or *P*\<0.01 was considered to indicate a statistically significant difference (\**P*\<0.05, \*\**P*\<0.01).

Results
=======

TET suppressed the proliferation of SiHa cells
----------------------------------------------

The chemical structure of TET is shown in [Figure 1A](#f1-dddt-13-119){ref-type="fig"}. CCK-8 assay was used to determine the effects of TET on the viability of SiHa. As presented in [Figure 1B](#f1-dddt-13-119){ref-type="fig"}, TET suppressed the proliferation of SiHa in a dose- and time-dependent manners. Therefore, the number of cells significantly decreased by \>50% following treatment with 30 µM TET. TET at doses of 3 and 10 µM was used in the following in vitro experiments. The results suggested that TET significantly inhibited the proliferation of SiHa cells in vitro.

TET induced apoptosis in SiHa cells
-----------------------------------

Since a significant inhibitory effect of TET on the proliferation of SiHa cells was observed, whether TET could induce apoptosis in SiHa cells was evaluated by Annexin V/PI staining. As indicated in [Figure 2A and B](#f2-dddt-13-119){ref-type="fig"}, the apoptotic rates in cells treated with 3 or 10 µM TET werê10% and 30%, respectively. Ki67 was used as a nuclear marker to identify proliferating cell. Immunofluorescence assays were performed to further investigate the effect of TET on proliferating cell. As presented in [Figure 2C and D](#f2-dddt-13-119){ref-type="fig"}, both 3 and 10 µM TET exhibited markedly anti-proliferating effects on SiHa cells compared with the DMSO group (*P*\<0.05, *P*\<0.01, respectively).

Next, the level of apoptosis-associated protein active caspase 3 was detected with Western blotting. The results showed that the expression of active caspase 3 was markedly increased in TET-treated cells compared with the DMSO group (*P*\<0.01) ([Figure 2E and F](#f2-dddt-13-119){ref-type="fig"}). All these data suggested that TET inhibited the proliferation of SiHa cells by inducing apoptosis in vitro.

TET inhibited SiHa cells migration and invasion
-----------------------------------------------

Next, transwell assay and wound healing assay were performed to investigate the effects of TET on migration and invasion of SiHa cells. The data revealed that 10 µM TET significantly attenuated the invasion capacity of SiHa cells compared with the DMSO group (*P*\<0.01) ([Figure 3A and B](#f3-dddt-13-119){ref-type="fig"}). Consistent with this finding, wound healing assay showed that 10 µM TET effectively suppressed the migration of SiHa cells as well ([Figure 3C and D](#f3-dddt-13-119){ref-type="fig"}). In addition, cancer cell migration and invasion-associated proteins MMP2 and MMP9 were detected by Western blotting. As revealed in [Figure 3E--G](#f3-dddt-13-119){ref-type="fig"}, levels of MMP2 and MMP9 were markedly downregulated in TET-treated SiHa cells compared with the DMSO group (*P*\<0.01). These data suggested that TET reduced the migration and invasion of SiHa cells by inhibiting the expressions of MMP2 and MMP9.

TET inhibited cervical tumor growth by inducing apoptosis in vivo
-----------------------------------------------------------------

To further evaluate the antitumor effect of TET on cervical cancer in vivo, SiHa tumor bearing xenograft was applied. As shown in [Figure 4A--C](#f4-dddt-13-119){ref-type="fig"}, both 20 and 50 mg/kg TET markedly inhibited tumor growth compared with vehicle group. In addition, the result of immunohistochemistry revealed that Ki67-positive cells were significantly decreased by 50 mg/kg TET ([Figure 4D and E](#f4-dddt-13-119){ref-type="fig"}). Moreover, the data of TUNEL indicated that either 20 or 50 mg/kg of TET resulted in prominent apoptosis in tumor tissues compared with the vehicle group ([Figure 4F and G](#f4-dddt-13-119){ref-type="fig"}). Besides, there was no significant body weight changes of mice between vehicle and TET-treated group ([Figure 4H](#f4-dddt-13-119){ref-type="fig"}). Thereby, we deduced that in the present study 20 or 50 mg/kg TET had no obvious adverse effect on mice. All these data demonstrated that TET suppressed cervical tumor growth in vivo by inducing apoptosis, which was in accord with the phenomenon in vitro.

TET upregulated active caspase 3 and downregulated MMP2 and MMP9 expressions in cervical tumors
-----------------------------------------------------------------------------------------------

To clarify the molecular mechanisms underlying the anti-tumor effect of TET on cervical cancer in vivo, we mainly focused on the expressions of active caspase 3, MMP2, and MMP9. As shown in [Figure 5A--D](#f5-dddt-13-119){ref-type="fig"}, the level of active caspase 3 was notably increased, while invasion-associated proteins MMP2 and MMP9 were markedly decreased in TET-treated groups. All these data confirmed that TET significantly inhibited tumor growth, migration, and invasion in cervical cancer by upregulating active caspase 3 and downregulating MMP2 and MMP9 in vitro and in vivo, respectively.

Discussion
==========

Accumulating evidence have indicated that TET is capable of exerting significant antitumor activities against various cancer cells in vitro and in vivo.[@b17-dddt-13-119] However, the effects of TET on human cervical cancer have not been reported. Thus, in the present study, SiHa cells were used to examine the therapeutic effects of TET on cervical cancer in vitro and in vivo. In this study, we provide convincing evidence that TET significantly inhibited tumor growth, migration, and invasion in cervical cancer by inducing apoptosis in vitro and in vivo; these events were associated with the activation of apoptosis-associated protein casaspe 3 and suppression of migration-associated proteins. To the best of our knowledge, this is the first report of the effects of TET on human cervical cancer.

Cervical cancer is the most common malignancy of uterus in women.[@b1-dddt-13-119] The results of the present study revealed that TET was capable of inhibiting cervical cancer cell proliferation in a dose- and time-dependent manners. These results are consistent with previously reported study that TET showed a concentration- and time-dependent inhibition of colon cancer cells proliferation.[@b14-dddt-13-119] Our results indicated that SiHa cells were sensitive to TET to a degree that was similar with the cell types reported in this literature. Since TET showed significant cytotoxic effects on SiHa cells, we next investigated its antitumor effects in vivo. The in vivo data showed that TET markedly inhibited the growth of subcutaneous tumors; higher dose (50 mg/kg) was more potent than lower dose (20 mg/kg). Our finding was consistent with that of Wu et al, who demonstrated that TET (50 mg/kg) effectively suppressed tumor growth in colon cancer.[@b14-dddt-13-119] All these results suggested that TET exerted notable antitumor effects on cervical cancer in vitro and in vivo.

Apoptosis plays an important role in killing tumor cells.[@b18-dddt-13-119] Li et al found that TET could induce human colon cancer cells apoptosis by activating the levels of caspase 3.[@b19-dddt-13-119] Zhang et al also revealed that a combination of TET with cisplatin significantly enhanced cytotoxicity in ovarian cancer by inducing apoptosis in vitro and in vivo.[@b20-dddt-13-119] In addition, Chang et al found that TET (10 mg/kg) markedly inhibited pulmonary metastases in CT26 colorectal adenocarcinoma-bearing BALB/c mice.[@b21-dddt-13-119] Similarly, our results revealed that TET significantly upregulated pro-apoptotic protein active caspase 3 in SiHa cells. Moreover, in vivo data further demonstrated that TET could inhibit tumor growth by upregulating active caspase 3. All these results confirmed that TET inhibited cervical cancer growth, migration, and invasion in vitro and in vivo.

Most malignant tumors exhibit a highly migratory and invasive capacity, which is closely associated with tumor metastasis.[@b22-dddt-13-119] Liu et al found that TET inhibited the migration and invasion in human prostate cancer cells. Therefore, wound healing assay and transwell assay were used to evaluate the effects of TET on the migration and invasion of SiHa cells, respectively. We found that TET exerted a significant inhibitory effects on the migration and invasion of SiHa cells. Thus, the molecular mechanisms by which TET regulated the migration and invasion of cervical cancer cells were investigated. MMPs are the main proteases for invasion and degradation of basement membranes and extracellular matrix.[@b23-dddt-13-119] MMP2 and MMP9 are capable of cleaving gelatine and provide favorable conditions for cell migration and invasion.[@b23-dddt-13-119] TET has been identified to reduce the invasiveness and migration of human colorectal adenocarcinoma cells in vitro and in vivo by inhibiting the expressions of MMP2 and MMP9.[@b24-dddt-13-119] Moreover, Qi et al revealed that TET inhibited migration and invasion of rheumatoid arthritis fibroblast cells by downregulating the levels of MMP2 and MMP9.[@b23-dddt-13-119] Our finding is consistent with these reports and confirmed that TET suppressed the migration and invasion by inhibiting MMP2 and MMP9 in cervical cancer cells in vitro and in vivo.

Conclusion
==========

In summary, this study demonstrates that TET inhibited tumor growth, migration, and invasion in cervical cancer in vitro and in vivo. Therefore, these findings provide a strong basis for further exploration of TET as a therapeutic agent for the treatment of cervical cancer.
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![TET suppressed SiHa cells proliferation.\
**Notes:** (**A**) The chemical structure of TET. (**B**) The viability of SiHa cells treated with TET (0, 1, 3, 10, or 30 µM) for 24, 48, and 72 hours was investigated with CCK-8 assays. \**P*\<0.05, \*\**P*\<0.01 vs DMSO group, n=3.\
**Abbreviations:** CCK-8, Cell Counting Kit-8; DMSO, dimethyl sulfoxide; TET, tetrandrine.](dddt-13-119Fig1){#f1-dddt-13-119}

![TET induced SiHa cells apoptosis.\
**Notes:** (**A**) SiHa cells were treated with TET (0, 3, or 10 µM) for 48 hours and apoptotic cells were detected with Annexin V/PI double staining assay. (**B**) Apoptotic cell rates were calculated in each group. \**P*\<0.05, \*\**P*\<0.01 vs DMSO group, n=3. (**C**) SiHa cells were treated with TET (0, 3, or 10 µM) for 48 hours, and Ki67-positive cells were detected with immunofluorescence assay. (**D**) Relative Ki67-positive cell rates were quantified in each group. \**P*\<0.05, \*\**P*\<0.01 vs DMSO group, n=3. (**E**) Expressions of active caspase 3 in SiHa cells treated with TET (0, 3, or 10 µM) for 48 hours were investigated with Western blotting. β-actin was used as an internal control. (**F**) The relative expressions of active caspase 3 were quantified by normalizing to β-actin in each group. \*\**P*\<0.01 vs DMSO group, n=3.\
**Abbreviations:** DMSO, dimethyl sulfoxide; PI, propidium iodide; TET, tetrandrine.](dddt-13-119Fig2){#f2-dddt-13-119}

![TET inhibited the migration and invasion of SiHa cells.\
**Notes:** Cell invasion (**A**) and invasion cells (**B**) of SiHa cells following treatment with TET (0, 3 or 10 µM) for 48 h. \**P*\<0.05, \*\**P*\<0.01 vs DMSO group. Wound healing assay (**C**) and wound healing rate (**D**) of SiHa cells following treatment with TET (0 or 10 µM) for 48 h. \*\**P*\<0.01 vs DMSO group. (**E**) Expression levels of MMP2 and MMP9 in SiHa cells treated with TET for 48 hours were detected with Western blotting. β-actin was used as an internal control. (**F**) The relative expression of MMP2 was quantified by normalizing to β-actin. \*\**P*\<0.01 vs DMSO group, n=3. (**G**) The relative expression of MMP9 was quantified by normalizing to β-actin. \*\**P*\<0.01 vs DMSO group, n=3.\
**Abbreviations:** DMSO, dimethyl sulfoxide; MMP, matrix metalloproteinases; TET, tetrandrine.](dddt-13-119Fig3){#f3-dddt-13-119}

![TET inhibited tumor growth by inducing apoptosis in vivo.\
**Notes:** (**A**) The mice were subcutaneously inoculated with 5×10^6^ SiHa cells on the right flank. Mice were dosed with TET (0, 20, or 50 mg/kg) for 4 weeks and the tumor volumes were monitored weekly. \**P*\<0.05, \*\**P*\<0.01 vs vehicle group, n=4. (**B**) The mice were sacrificed after 4 weeks' treatment and the tumors were isolated and imaged. (**C**) Tumor weights were quantified in each group. \**P*\<0.05, \*\**P*\<0.01 vs vehicle group, n=4. (**D**) Ki67 immunohistochemical staining of tumor tissues in each group. (**E**) Quantification of Ki67-positive cells in tumors. \*\**P*\<0.01 vs vehicle group, n=4. (**F**) TUNEL staining of tumor tissues in each group. (**G**) Quantification of Ki67-positive cells in tumors. \**P*\<0.05, \*\**P*\<0.01 vs vehicle group, n=4. (**H**) The body weight changes of mice treated with TET (0, 20, or 50 mg/kg) for 4 weeks, n=4.\
**Abbreviation:** TET, tetrandrine.](dddt-13-119Fig4){#f4-dddt-13-119}

![TET upregulated active caspase 3 level and suppressed MMP2 and MMP9 expressions in vivo.\
**Notes:** (**A**) Relative protein levels of active caspase 3, MMP2, and MMP9 in mice treated with TET (0, 20, or 50 mg/kg) for 4 weeks were detected by Western blot assay. (**B**) The relative expressions of active caspase 3 in tumors were quantified by normalizing to β-actin. \*\**P*\<0.01 vs vehicle group, n=4. (**C**) The relative expressions of MMP2 in tumors were quantified by normalizing to β-actin. \**P*\<0.05, \*\**P*\<0.01 vs vehicle group, n=4. (**D**) The relative expressions of MMP9 in tumors were quantified by normalizing to β-actin. \**P*\<0.05, \*\**P*\<0.01 vs vehicle group, n=4.\
**Abbreviations:** DMSO, dimethyl sulfoxide; MMP, matrix metalloproteinases; TET, tetrandrine.](dddt-13-119Fig5){#f5-dddt-13-119}
